Abstract: This paper discusses enhancement of an external mitigating scheme to maximise the resistance of reinforced concrete continuous beams to progressive collapse due to interior support failure. The mitigating scheme using external unbounded fibre reinforced plastic straight cables and a relevant numerical model were presented by the authors in a published companion paper to predict the progressive collapse resistance of the mitigated beams. This study extends the previous work to efficiently enhance the resistance of mitigated beams by inspecting different mitigating scheme setups. Straight and deviated cable profiles are considered, different cable deviator locations are examined, and different cable deviations are accounted for to compare the corresponding mitigated beam resistance enhancements. The mitigating scheme setup that provides maximum increase in the beam resistance is considered the enhanced setup that efficiently maximises the increase in the mitigated beam resistance and could economically prevent progressive collapse of beams due to interior column failure.
Introduction
Progressive collapse is defined by the ASCE Standard 7-05 as a localised failure that spreads out causing a global structural collapse (ASCE, 2005) . The disproportionality refers to the situation in which failure of one member causes a major collapse, with a magnitude disproportionate to the initial event. The need to limit the disproportionality of collapse in structures due to abnormal loadings, so as to avoid progressive collapse, has heightened global awareness of the issue and has placed a great emphasis on the consideration of progressive collapse in the design community. Currently, national codes and design standards do not provide explicit guidelines for designing progressive collapse resistant structures. However, there are general provisions for load redistribution capability to satisfy a minimum level of structural integrity. It has become evident that mitigation of abnormal load effects must satisfy damage limitation or prevention of progressive collapse. Current design guidelines and codes recommend sudden column failure as a direct design method for mitigating progressive collapse (ASCE, 2005; DoD, 2005) . According to these guidelines, also referred to as the alternate load path method, the potential for progressive collapse may be diminished by designing the structure so that it can bridge across the local failure zone resulting from instantaneous removal of a primary vertical support member.
In a companion research project, the authors (Elkoly and El-Ariss, 2014 ) described a technique and a numerical procedure for mitigation and evaluation of potential progressive collapse of reinforced concrete (RC) continuous beams to prevent potential progressive collapse resulting from interior column failures. The procedure presented for mitigating progressive collapse proposes the use of external unbounded fibre reinforced plastic (FRP) straight cables attached to the beam at anchorage locations and deviator points, without being post-tensioned. The performance of rectangular and T-beams with up to 16 external cables was investigated. The proposed numerical model evaluates the progressive collapse of such beams using a push-down analysis to simulate interior column removal. The numerical results of the authors' study show that the proposed mitigating scheme applied to rectangular and T-beams successfully absorbed the effects of interior column removal on the beams and improved their performance. While the beam mid-span vertical displacement substantially increased due to column removal, the proposed scheme increased the beam ultimate load-carrying capacities, increased the beam failure load capacities, and increased the beam energy dissipation capabilities. The proposed mitigating scheme's numerical model results also demonstrate that increasing the number of external cables does not have a significant effect on the ductility of the mitigated beams; however, it increases the capacity of the beams. Sagiroglu and Sasani (2014) simulated single column removal to evaluate the response of a seven-story reinforce concrete structure. Their study included 15-column removal scenarios and accounted for elevation difference between the centrelines of floor slabs and beam elements within the building model. Their numerical results showed that a top floor column removal is more likely to cause structural collapse than failure on a lower floor. This is in part due to the lack of Vierendeel frame action after a top floor column removal. For the simulated column removal scenarios corresponding to the least vertical deformations, the resistance of the progressive collapse was primarily provided by Vierendeel frame action, floor system in-plane action, and axial compressive force-moment interaction of beams. Several research studies were performed by Qian and Li (2013a , 2013b , 2012a , 2012b to predict beam-slab behaviour to mitigate progressive collapse as a result of corner column removal. Qian and Li (2013a) performed push-down tests on seven one-third scale RC beam-column connections to investigate their behaviour. Parameters considered in their tests included transverse steel reinforcement ratios, beam detailing, and beam shear span ratios. They concluded that before severe failure, Vierendeel mechanism was the main load redistribution and a cantilever beam redistribution mechanism was developed after joint severe damage. Qian and Li (2013b) investigated the ability of flat-slab structures to resist progressive collapse, as there are no beams that could redistribute the lost column load. To simulate a corner column axial loading, they tested two separate series of one-third-scale columns with and without drop panels. Performance results showed that columns with drop panels increase the strength by 124.7% and; therefore, substantially reduce progressive collapse. Qian and Li (2012a) carried out a number of dynamic tests on six one-third scale RC beam-column specimens to simulate progressive collapse behaviour in the event of a corner column failure. Each specimen had different length, design detailing, and shear span ratio and was designed for testing to investigate the dynamic load redistribution performance following a sudden removal of a corner support. Parameters considered in their tests included span length; span aspect ratio, and longitudinal and transverse reinforcement ratios in the columns, beams, and connections. Test results showed that frame progressive collapse resistance was very sensitive to column removal, and that seismic detailing of specimens would contribute to better progressive collapse performance. Qian and Li (2012b) evaluated the effects of slab on the ability of RC buildings to resist progressive collapse. They quantified the contribution of the slab toward progressive collapse of structures in blast environment. Ignoring the contribution of the RC slab in resisting progressive collapse will be extremely conservative, especially for cast-in-place structures. They recommended that more variables (such as slab reinforcement ratio and slab thickness/span ratio), need to be further investigated, and that analytical studies to capture the tensile membrane action developed in the slabs for progressive collapse should be conducted. Few other contributions, in which finite element formulations are explicitly used, tackle the dynamic analysis of progressive collapse of RC structures (Shi et al., 2010; Weerheijm et al., 2009; Sasani and Sagiroglu, 2010; Sasani et al., 2011) . Yu and Tan (2013) carried out an experimental investigation on the resistance of RC beam to progressive collapse due to a middle column removal. Two-span beams with two end-column pieces at a middle joint were designed with seismic and non-seismic detailing to study the effect of detailing on the beam behaviour. As deformations of beams increased during the tests, structural mechanisms such as flexural action, compressive arch action (CAA) and catenary action developed subsequently. To simulate the beam responses, the beams were modelled as fibre elements and implemented into a macro-model based on finite element analysis. The middle joint with two end-column pieces was modelled as a series of springs to characterise behaviour under large tension. Their study showed that the development of CAA and catenary actions are sensitive to the relative axial restraint whereas structural responses during catenary action are not. Ultimate capacity of catenary action is not sensitive to rotational restraint.
A seismically designed ten-story steel building was used as a case study by Li and El-Tawil (2012) to evaluate the slab-beam flexural composite action between the concrete floor and underlying steel beams in the collapse resistance. The model used in their simulation studies was a 3-D nonlinear finite element model for investigating the structure robustness when columns are roughly removed, with special focus on the role of the floor. The numerical results showed that a flexural composite action between the concrete floor and its steel beams contributes significantly in the initial stages of collapse response by decreasing deformation levels and providing progressive collapse resistance. Yap and Li (2011) investigated experimentally the performance of RC exterior beam-column sub-assemblages under progressive collapse due to loss of exterior ground column. Two series of specimens were tested under monotonic loading to simulate a gravity load on the damaged structure by a blast loading. In the first series, the overall performance of the beam column sub-assemblages based on as-built detailing of structures commonly found in Singapore were assessed. In the second series, improvements/modifications were made to the as-built design by incorporating some seismic detailing. The experimental performance results of the two series were compared and evaluated. Liu (2010) reported the results of an investigation into the characteristics of catenary action and their effect on structures. They showed that when catenary action occurs, the bending moment will decrease significantly in the beams. It is also demonstrated that when a column is destroyed by a blast, the failure strain will be reached at the simple beam-to-column joint. To enhance the survival capability of the steel framed structures subjected to a progressive collapse, novel retrofitting schemes were also proposed for strengthening the simple joints of existing tall steel framed structures by changing the partial-strength shear-resisting joints to the full-strength moment-resisting joints, ensuring the full development of catenary action.
Computationally efficient macro-models were developed by Khandelwal et al. (2008) for investigating the progressive collapse resistance of seismically designed steel moment frame buildings. The developed models were calibrated using detailed finite-element models of beam-column sub-assemblages and account for the most important physical phenomena associated with progressive collapse. The models are utilised to compare the collapse resistance of two-dimensional, ten-story steel moment frames designed for moderate and high seismic risk according to current design specifications and practices. The simulation results show that the frame designed for high seismic risk has somewhat better resistance to progressive collapse than the system designed for moderate seismic risk. The better performance is attributed to layout and system strength rather than the influence of improved ductile detailing. The alternate path method is shown to be useful for judging the ability of a system to absorb the loss of a critical member. In multiple story buildings, effects on lower floor from floor above due to column removal can be modelled using nonlinear dynamic analysis software. However, the model can become sophisticated and time consuming when the whole building is considered. Alternatively, assessment procedures involved in sudden column loss design scenarios use the nonlinear static response of the impacted floor along with an energy balance approach to estimate the maximum dynamic deformation demands without the need for detailed nonlinear dynamic analysis (Izzuddin et al., 2007a (Izzuddin et al., , 2007b Vlassis et al., 2007) . Focusing on steel-framed buildings with partial-strength joints, the overall ability of the floor system to arrest the impact of the above floor, and thus to prevent progressive collapse, is determined through a comparison between the ductility demands induced by the impact and the ductility capacities of the joints within the affected floor. To have a simple, yet sufficiently accurate methodology that can be used to establish whether the strength, ductility supply, and energy absorption capacity of the lower impacted floor are adequate to withstand the imposed dynamic loads from the falling floor, Williamson (2004, 2006) extended the beam element formulation and solution procedure they had previously developed for progressive collapse analysis of plane frames to account for the impact of failed members on the structural components below (Khandelwal et al., 2009 ). The study accounted for plane frames under plastic impact situations and assumed same velocity in the impacted and impacting beams after the impact.
Tan and Astaneh-Asl (2003) proposed and experimentally tested a cable-based scheme to halt progressive collapse due to façade column failure. The proposed scheme consisted of a series of four 1-1/4" diameter cables placed inside floor RC slab and anchored to steel columns at the ends of the slab. The dimensions of their floor slab were 60 ft (20 m) × 20 ft (6 m) and simulated a one-story building with concrete slab floor and wide flange beams and columns. The proposed scheme increased the floor resistance to progressive collapse due to the catenary action developed in the cables, and proved to be economical and efficient.
Hence, the aim of this study is to present general steps for the enhancement of external mitigating scheme to maximise the progressive collapse resistance of continuous RC beams subjected to interior column failure.
Enhancement of external mitigation scheme
A cable resisting tensile force parallel to its length is considered axially loaded. When subjected to transverse loads, the cable resistance initiates as catenary tensile forces develop. This is known as catenary action. In a companion research work, the authors (Elkoly and El-Ariss, 2014) proposed an external FRP cable-based mitigation technique and outlined a numerical model to increase and evaluate the resistance of RC beams to progressive collapse due to internal column failure. External FRP cables of straight profile were used, without being post-tensioned, to increase the resistance of the mitigated beam through catenary action of the cables. As beam deformations increase due to the removal of an interior column, strain in the external FRP cables initiates and resistance force develops in the cables as catenary action leading the mitigated beam to regain strength; therefore, providing a combination of strength and ductility. The work by the authors (Elkoly and El-Ariss, 2014 ) is extended in this study to maximise the mitigated beam resistance to progressive collapse by investigating the enhancement of the mitigating scheme. To achieve this objective of maximising the beam resistance by enhancing the mitigating scheme, this study investigates different mitigating scheme setups by considering straight and deviated cable profiles, examining different cable deviator locations, and accounting for different cable deviations. The mitigating scheme setup corresponding to the maximum enhancement in the beam resistance is considered an enhanced setup that efficiently maximises the mitigated beam resistance to progressive collapse in the event of interior column failure. 
Modelling and analysis of the enhanced mitigated beam
A RC beam subjected to progressive collapse due to interior column failure is mitigated externally using the scheme described above. A straight external cable profile and enhanced scheme using a deviated external cable profile are investigated. The mitigated beam is modelled as an assemblage of straight beam elements simulating the RC member, an assemblage of cable elements simulating the external FRP cables (Arapree-8), and an assemblage of rigid arms connecting the external cable nodes (anchorage and deviator points) with the beam nodes (Elkoly and El-Ariss, 2014) , as shown in Figure 1 . The beam considered in this study is a two-span beam before failure of the interior column, each span is 4m long, and 8m long one-span beam after the removal of an interior column, Figure 1 . An open source finite element package for structural analysis (ZEUS-NL) was used to numerically model the mitigated beam. ZEUS-NL is the analysis and simulation platform of the Mid-America Earthquake Center. ZEUS-NL is a finite element structural analysis program developed for nonlinear dynamic, conventional and adaptive push-over, and eigenvalue analysis (Elnashai et al., 2002) . It is used to undertake inelastic large displacement analysis of complex frames using the fibre approach. It can be used to model two-dimensional and three-dimensional steel, RC and composite structures, taking into account the effects of geometric nonlinearities and material inelasticity. The program uses the fibre element approach where the cross-sections are divided into fibres monitoring the confined concrete section, the unconfined concrete cover, and the steel reinforcement. The number of fibres used in section equilibrium computations is set to 200 in this study. The accuracy of the program has been verified in the literature (Jeong and Elnashai, 2005) . The RC beam is divided into cubic elasto-plastic elements whose stiffness matrices are integrated using second order Gaussian quadrature; hence the length of the cubic element is critical to the capture of inelastic actions. The latter fact is taken into account in mesh design by reducing the lengths of elements capable of representing the spread of inelasticity within the RC member cross-section and along the member length via the fibre modelling approach. The external FRP cables are modelled as FRP cable elements. Rigid beam elements are deployed to model rigid arms utilised to connect the external cable nodes with the cubic elasto-plastic beam nodes. Nonlinear static pushover (down) analysis is performed by applying a pseudo static displacement at the collapsed column location and by using the displacement control strategy for the increment of the loading factor. 
Material models used in this study are shown in Figure 2 . Concrete is modelled with nonlinear uniaxial constant confinement concrete model (Martinez-Rueda and Elnashai, 1997; Mander et al., 1988; Benmokrane et al., 2000) . Internal steel reinforcement is modelled with a simplified version of the Ramberg-Osgood model (Martinez-Rueda and Elnashai, 1997; Mander et al., 1988) . External FRP cables (Arapree-8) are modelled using a simplified uniaxial tri-linear FRP model that assumes no resistance in compression. Mechanical properties of the FRP Arapree-8cables are provided in Table 1 ( Benmokrane et al., 2000) . 
Effects of enhanced cable profile on collapse resistance
Different enhanced mitigating scheme setups were investigated on a two-span beam by considering straight and deviated cable profiles, examining different cable deviator locations, and accounting for different cable deviations. The beam is a two-span beam with rectangular cross-section, Figure 3 , and it is divided into 20 equal cubic elasto-plastic elements capable of representing the spread of inelasticity within the member cross-section and along the member length via the fibre modelling approach. Figure 3 shows the beam cross section dimensions and steel reinforcement areas used in this study. The beam considered is a two-span beam before failure of an interior column, each span is 4 m long, and 8 m long one-span beam after the removal of an interior column. Parameters in this research include the external FRP cable profile (can be straight or deviated), the number of cable deviator points (up to five deviators are used), the distance between deviators (L s in Figures 1, 3 , and 4), the location of the anchorage zone (d o in Figures 1 and 3) , and consequently the angle of the external deviated FRP cable segment, which is between the anchorage and its first adjacent deviator. The cable angle of deviation is automatically implemented whenever L s and d o change. 
Load redistribution in beam mitigated with the proposed scheme
The removal of interior column support causes downward displacement in the beam with the mitigating scheme in place. Figures 1(b) and 1(c) and Figure 4 show the deformed shape of the beam model following the removal of the interior column. The removal of a support column is accompanied by instantaneous large vertical sag in the beam which will have to carry a substantial component of vertical forces. As a result, the large downward displacement causes the beam to rotate and a plastic hinge initiates at the location of the failed column. The original compressive steel bars are gradually subjected to tension with increasing displacement, whereas the original tensile steel bars continue to remain in tension. After the plastic mechanism has formed, the tension steel yields and the concrete strain in the compression zone at the location of the failed column increases. As the concrete compressive strain increases, the compression steel yields leading eventually to ultimate compressive strain in concrete. During this process, a gradual increase in the external unbounded FRP cable rigid arm rotations takes place at the anchorage zones and a resistance force in the FRP cables starts to develop leading to an increase in the beam load-carrying capacity. As indicated in Figure 5 , catenary action of the external FRP cables stabilises the beam causing it to regain its load carrying resistance, improves its ductility, and dissipates energy generated by the column removal. Zeus-NL was used to perform stress analysis and to monitor the different performance failure limits of a control beam and a mitigated beam as depicted in Figure 5 . For the control beam, which represents a beam after removal of an interior column, bottom reinforcement steel bars yield first then top reinforcing steel bars yield followed by crushing of concrete. The analysis was stopped when the bottom reinforcing steel bars of the control beam ruptured. For the mitigated beam, ten FRP external unbonded cables were installed on the beam, five on each side of the beam web, and the performance of the mitigated beam indicates that the catenary action of the external FRP cables stabilises the beam causing it to regain its load carrying resistance, improves its ductility, and dissipates energy generated by the column removal, Figure 5 .
Effects of number of deviators on the strength of mitigated beam
The profile of the external unbounded cable is dependent on the number of deviators. To study the effects of the number of deviators on the strength of the mitigated beam to resist progressive collapse, external cables with varying number of deviators along the beam length and varying distance between the deviators were examined. Figures 6, 7, and 8 with two, three, and five deviators respectively, were sketched to show the corresponding beam failure load percentage ratios (between failure loads of mitigated and control beams). It can be seen from these figures that the failure load percentage ratios are substantially high, and this is attributed to the effectiveness of the utilised mitigating scheme. Figure 6 (two deviators) indicates that when the ratio L s /L (distance between deviators/beam length) increases, the mitigated beam failure load ratio increases in a fluctuating pattern, and the beam's best performance is when L s /L is 80%. Figure 7 (three deviators) and Figure 8 (five deviators) on the other hand, show that when the ratio L s /L is between 10% and 30% the failure load percentage ratio of the mitigated beam increases in a descending pattern while increasing gradually for L s /L more than 30%. The beam's best performance in the latter two cases is when L s /L is 90%, and it is around 20% more than the best performance of the mitigated beam when utilising two deviators. However, increasing the number of cable deviators from three ( Figure 7 ) to five ( Figure 8 ) does not affect the failure load of the mitigated beam at all. Although it can be concluded that providing three cable deviators would be an ideal choice from strength point of view, it sometimes may not be a feasible choice if the intermediate deviator (as shown in Figure 4 ) cannot be physically installed due to presence of orthogonal beams. One the other hand, utilising two cable deviators is more feasible from both practical and strength point of views. Hence, two deviators are considered in the following sections for further analysis.
Effects of cable profiles on the strength of mitigated beam
Another variable that affects the performance of the mitigating scheme-dependent beam is the profile of the external cables. To investigate the effects of the cable profile on the beam strength and; therefore, to recommend a proper mitigating setup arrangement, different profiles were analysed. All cable profiles in the analysis have two deviators, as recommended above. The cable profiles were varied from deviated to straight. This was fulfilled by varying d o and L s /L. In this work, d o varies from 0% to 40% of the beam depth, h, as shown in Figure 3 . The parameter d o is measured from an arbitrary reference line, chosen in this study to be at the middle of the beam depth. When d o is 40% h (300 mm), the cable has a straight profile. For any value of d o between 0 mm and 300 mm the cable becomes deviated. The ratio L s /L varies from 5% to 90%. When d o equals 0% h and L s /L equals 90% the outcome is an external cable with the most deviated profile in the mitigating scheme.
Figures 9-13 depict the behaviour of the beam mitigated with the proposed twodeviator mitigating scheme and varying values of d o and L s /L. The figures clearly indicate that the mitigated beam behaviour in terms of ultimate load, failure load, maximum deflection, energy, and performance as percentage ratios of those of the control beam (P ultimate %, P failure %, Δ max %, Energy%, Performance%) substantially increase when the ratio L s /L is 70% or more for any values of d o from 0 to 250 mm (0-33% h) from the reference line, chosen to be in the middle of the beam depth. When d o exceeds 250 mm, the mitigated beam behaviour drops substantially when the ratio L s /L is 80% and 90% and fluctuates for other values between 5% and 70%. This is due to the cable profile being almost straight, or straight when d o is 300 mm. Figures 9-13 shows that for any value of L s /L ratio between 5% and 90%, the increase in the beam performance is not much affected by the location of the anchorage, d o , as long as it is between 0 and 250 mm (0 and 33% h) to ensure a deviated profile of the cables. The enhanced mitigating scheme that maximises the performance of the beam is clearly identified as that of the ratio L s /L being equal to 80%. The mitigated beam maximum performances are shown in Figure 14 . 
Mitigated beam behaviour and contour curves
Behaviours of a beam mitigated with the proposed two-deviator mitigating scheme were generated, in terms of varying d o and L s /L, as three-dimensional (3D) behaviour and contour curves. The mitigated beam 3D behaviour and constant contour curves are shown in Figures 15-19 . 3D Behaviour is important for the visual interpretation of the beam response and for extracting behaviour contour curves, which are two-dimensional projections of the points on 3D behaviour. Contour curves mark the mitigated beam behaviour improvement increase in a two-dimensional graph. When behaviour contour curves are close to each other, the mitigated beam behaviour improvement would be quick and substantial, whereas it would be slow mild if the contour curves are far apart. 3D behaviour and contour curves of the beam shown in Figure 15 represent space surface of ultimate load percentage ratios, P ultimate %, (of mitigated and control beams) and constant ultimate load percentage contour curves, respectively. It is evident that the space surface has an increasing but mild and shallow slope when L s /L varies from 10% to 60% for any value of d o between 0 and 250 mm. The ultimate load surface slope becomes steep and rapidly increasing for L s /L between 60% and 85%, after which the surface slope changes direction and drops quickly when L s /L is increased to 90%. Likewise, the surface slope drops when d o is more than 250 mm. This is manifested in the corresponding ultimate load percentage contour curves where it can be seen that for any value of L s /L, the ultimate load percentage ratio drops from 200% to 120% for values of d o between 250 and 300 mm. All the 20%-increment contour curves are constant for d o between 0 and 250 mm. For the latter d o range, the behaviour contour curves are distant apart for values of L s /L up to 70% indicating a mild increase in the ultimate load percentage ratio. However, they get close to each other when L s /L is between 70% and 85% indicating a substantial and quick increase in the ultimate load percentage ratio, as shown in Figure 15 . The maximum ultimate load percentage ratio is at the 200% contour curve that falls within L s /L between 87% and 85% and for d o up to 250 mm. A similar behaviour pattern can be observed in Figure 16 -19. In Figure 16 , the 3D behaviour and contour curves of the beam represent space surface of failure load percentage ratios, P failure %, (of mitigated and control beams) and constant failure load percentage contour curves, respectively. The slope of the space surface drops when L s /L is between 16% and 30% and increases for L s /L between 30% and 86% indicating an increase in the failure load percentage ratio. The slope drops back for L s /L between 85% and 90%. This is also clear from the relevant 20%-increment contour curves which are close enough to each other when L s /L is between 30% and 69%, but get even closer to one another when L s /L is between 69% and 85% indicating a quick and substantial increase in the failure load percentage ratio. The contour curves drop for values of d o more than 250 mm. The maximum failure load percentage ratio is the 280% contour curve for L s /L ratio between 78% and 85%, as shown in Figure 16 . Similarly, Figure 17 depicts 3D behaviour and contour curves of the beam maximum deflection percentage ratios, Δ max %, (of mitigated and control beams Figure 17 , and the maximum performance percentage ratio is the 150% (or 160%) contour curve, Figure 19 . Both maximum contour curves are in the range of almost 75% and 87% of L s /L and shown in Figures 17 and 19 . Figure 18 , on the other hand, shows more 50%-increment contour curves for all values of L s /L. However, these contour curves get very tight and close to one another as the ratio L s /L increases from 70% to 87% indicating that the energy percentage ratio is rapidly increasing substantially. The maximum energy percentage ratio is that of the 500% contour curve which lies within 79% and 87% of L s /L, Figure 18 . Like other behaviours illustrated above, energy percentage ratio drops significantly as the contour curves drop when d o exceeds 250 mm for any values of L s /L more than 70%. Therefore, when the beam behaviour contour curves, which are two-dimensional projections of points on the beam 3D behaviour, are close to each other, the mitigated beam behaviour improves quickly and substantially for L s /L between 75% and 87% and for any value of d o between 0 and 250 mm. On the other hand, if the contour curves are far apart, the mitigated beam behaviours exhibits a mild improvement over a large increase in the L s /L ratio for any value of d o between 0 and 250 mm. The maximum behaviour of the enhanced mitigated beam is when L s /L is 80% and d o less than 250 mm, or less than 33% h measured for the reference line RL (taken at the middle height of beam cross-section).
Conclusions
This paper discusses the enhancement of an external mitigating scheme to efficiently maximise the resistance of RC continuous beams to progressive collapse due to interior support failure. The mitigating scheme proposes the use of unbounded externally installed FRP cables with straight or deviated profile without being post-tensioned. The proposed mitigating scheme with straight external cables applied to rectangular beams successfully increased their resistance to progressive collapse through catenary action of the external cables. To maximise the increase in the mitigated beam resistance, enhancements of the mitigating scheme were investigated by considering straight and deviated cable profiles, examining different cable deviator locations (L s /L ratio), and accounting for different cable deviations (d o ). Consequently, three-dimensional (3D) behaviour and contour curves for the mitigated beam were generated for the different setup arrangements considered in this study. The numerical results of beam 3D behaviour and contour curves indicate that the efficiency of the proposed mitigating scheme reduces significantly when d o is more than 33% of the beam depth, h, measured from mid-depth of the beam and for any ratio of L s /L. This is contributed to the external cable profile becoming straight, or almost straight. When the cables are deviated, in this case d o is between 0 and 33% h, the proposed mitigating scheme starts to improve the beam resistance regardless of the value of d o . On the other hand, 3D behaviour and contour curves indicate that the mitigated beam behaviour is not much sensitive to L s /L ratio between 10% and 65%. However, they indicate that the beam behaviour improves quickly and substantially for values of L s /L between 75% and 87%. The study numerical results indicate that among all the studied setup arrangements, a mitigating scheme setup arrangement with L s /L equal to 80% (between 75% and 87%) and d o between 0 and 33% h, yields an enhanced mitigated beam whose ultimate load, failure load, maximum deflection, energy, and performance are the maximum and are 200%, 280%, 300%, 500%, and 150% of those of the control beam, respectively. It can be concluded that beam 3D behaviour and contour curves can be utilised to recommend an enhanced mitigating scheme setup to maximise progressive collapse resistance of beams due to internal column removal.
Therefore, for an externally mitigated beam to have the maximum increase in the progressive collapse resistance, an enhanced mitigating scheme setup of two cable deviators distant apart by a ratio of 80% of L s /L and cable anchorage locations, d o , less than 33% h measured from the reference line (middle height of the beam) would be recommended.
